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We performed a series of theoretical transport studies on Y-branch electron waveguides which are
embedded in mid-size armchair graphene nanoribbons (AGNRs). Non-equilibrium Greens function
(NEGF) with different approximations of tight-binding (TB) Hamiltonian has been employed. Using
the first nearest hopping approximation, we observed very pronounced conductance quantization,
the structure of which depends on geometrical design and shows a spacing of 4e2/h, indicating the
existence of valley degree of freedom. Moreover, by incorporating the third nearest approximation,
we observed seminal plateaus deviated from multiples of 4e2/h conductance, suggesting the lift of
valley degeneracy. Finally, Quasi-one dimensional band structure calculations have been performed
to study the availability of energy channels and the role of the major geometrical parameters on the
transport.
I. INTRODUCTION
In the past decade, many theoretical studies have
been proposed to realize the coherent transports in ideal
straight graphene nanoribbons (GNRs)1–3. However, the
quantization of conductance, which is the hallmark of
coherent transport in 1D systems, is usually missing
in O2 plasma etched GNRs due to the edge disorders
that produce strong scattering4–11. Perhaps this major
problem has hindered graphene’s application in sophisti-
cated nanoelectronics (such as spin qubit devices) despite
its excellent conductivity12–14. An alternative approach
to replicate a GNR is to introduce a well-like electro-
static confinement in graphene, also known as graphene
waveguide (GWG), in which the crystal structure be-
tween side-barriers and quantum well remains intact? .
As a result of the electrostatic confinement, there are dis-
crete bound states spatially extended along the graphene
waveguide. Quantized conductance in 1D systems had
long been realized in modulation-doped GaAs/AlGaAs
heterostructures where a pair of negatively biased split
gates deplete the two-dimensional electron gas (2DEG)
underneath and define a 1D channel16. The situation
for graphene-based waveguide is expected to be differ-
ent from the aforementioned 2DEG case, since the ex-
istence of transparent Klein tunneling could play an es-
sential role and limit the ability of GWG for efficient
guiding17,18. Interestingly, some theoretical approaches
using Dirac equation have in fact suggested that carriers
in an infinite GWG is behaving in many respects like the
optical waves in an optical-fiber (that is, they display
optics-like features)19–21. However, it is worth noting
that the theory of Klein tunneling on graphene is based
on first-nearest approximation (Dirac Hamiltonian) and
the assumption of the plane wave solution. A precise but
relatively expensive numerical method incorporating few
more nearest-neighbors hopping terms, called the Non-
equilibrium Green’s function (NEGF), can be employed
to have a better understanding about the feasibility of
the perfect transmission in GWG22. Such a numerical
simulation can also provide more details on the condi-
tions that lead to a coherent or imperfect transmission.
Current experimental evidences are not, however, in fa-
vor of the total reflection of carriers from borders of a
GWG as Snell’s law would hold in the optical-fiber. In
particular, the reported guiding efficiencies do not exceed
80% and differ among different 1D energy modes23,24. In
our previous calculations, we have shown that a single
GWG (S-GWG) can possess the characteristics of a co-
herent transport and the desirable insensitivity to the
bending degree? . A further interesting question for us is
whether a coherent splitting of current can be realized in
GWGs. In this letter, we provide theoretical evidences to
show that it is possible to coherently split the incoming
current into two paths in a Y-junction graphene waveg-
uide (YJ-GWG). Our results show the prospect of using
YJ-GWGs as a splitter in all graphene-based electronic
devices that require robust phase coherence, and there-
fore can be potentially used as an interconnect in spin-
tronic devices. A YJ-GWG can be made by applying
a positive potential to an external Y-branch metal gate
which is isolated from graphene flake and consequently it
induces a Y-shape potential well in graphene. Mathemat-
ically, a reasonable estimation of 2D on-site potential (a
cut-plan of 3D electrostatic potential) suitable for mod-
eling of YJ-GWG could be produce by making use of two
bended S-GWG with an overlapping area as it explained
in appendix A. The influence of geometrical design on
the coherent transport is discussed in detail in the main
text. Furthermore, Quasi-one dimensional bandstructure
calculations have been performed to study the energy
channels that could contribute to the transport.
II. METHODS
A. Device structure
The schematic of our proposed structure is shown in
Fig. 1(a), which consists of a finite mid-size AGNR with
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2FIG. 1. (a) Schematic illustration of YJ-GWG where a Y-junction metal gate is embedded in an insulator and a mid-size
GNR lies above. Enlarged view shows hopping parameters. The crystal structure of graphene is scaled for illustrative purposes
and do not represent the realistic crystal size.(b) (c) Realistic on-site potential of the proposed structure in Fig. 1(a). Source
and drains are shown by vertical (red) lines and their widths are denoted by WS and WD1,2 .
an integrated Y-junction gate underneath it. Hexag-
onal boron nitride (h-BN), an atomically thin insulat-
ing material, is used simultaneously as a gate dielectric
and a secondary substrate to improve the mobility of
graphene26,27. A YJ-GWG can be defined by applying
a positive potential to the underlying gate and conse-
quently induces a Y-shape potential well in the AGNR.
Single potential well on the left side thus splits into two
wells, one goes upward and the other goes downward be-
yond the intersection, i.e., the system has in total three
terminals. The source and drain terminals are located
exactly above the respective branches of the Y-junction,
which is denoted by S, D1 and D2, respectively. In gen-
eral, a self-consistent solution of Schro¨dinger equation
(in the form of Greens function formalism) coupling to a
Poissons equation should be used to simulate the electro-
statics of the device and the transmission through termi-
nals, simultaneously28,29. However, this model can not
be realized here due to the numerical complexity aris-
ing from the large number of atoms in our system. To
compensate the lack of full self-consistent solution, a rep-
resentative potential well with a cross section as illus-
trated in Fig. 1(b) has been used to define YJ-GWG in
our AGNR. In a real device, the relaxation distance be-
tween the top and bottom of the potential well depends
on the thickness and dielectric constant of the substrates.
The thinner the insulators (e.g., hBN) are, the sharper
the potential well will be. The on-site potential of car-
bon atoms in a real 2D device is shown in Fig. 1(c), in
which the YJ-GWG formed by the combination of two
S-shape waveguides, is indicated by dashed lines. The
2D device (AGNR) consists of two main parts. First, a
fairly large intrinsic channel with width W and Length
L, while Wsa,da1,da2 represent the width of three arms
of YJ-GWG, i.e., source arm, lower drain arm and upper
drain arm, respectively. In the standard convention, AG-
NRs are labeled as NA-AGNR where NA is the number
of dimer lines defined by NA = bW/(0.5
√
3acc)c, W is
the width of AGNR and acc = 0.142 nm is the carbon-
carbon bond length. The second part of our device is
the contacts (source and drains) which are also made
of carbon and are in fact extensions from the scattering
area, as illustrated by vertical red lines in Fig. 1(c). The
widths of all terminals are tailored to be matched with
waveguide arms, i.e., WS = Wsa, WD1,2 = Wda1,2 . In
all numerical examples, we have chosen metallic type of
supercells (or (3m+2) family of AGNRs) for all terminals
to artificially replicate a real metal contact. The reason
to use these GNRs instead of metal is to provide good
ohmic contacts owing to the workfunction match. The
length of scattering area (L) is related to the number of
supercells (NS) via NS = bL/(3acc)c. WO represents the
amount of overlap between the two flat ends of S-shape
GWGs, and WMB is the width of middle barrier between
the two drain arms. Wsa and WMB are related to WO
via Wsa=Wda1+Wda2-WO and WO/2+WMB/2=Wbe,
where Wbe can be viewed as the amount of bending.
B. Numerical model
The pz orbital wavefunction of Carbon is used to con-
struct TB-Hamiltonian for channels and terminals,
H =
∑
〈ij〉
−tija†iaj +
∑
i
via
†
iai, (1)
where a†i and ai are the creation and annihilation op-
erators at i-th atomic site, respectively. The symbol
〈ij〉 denotes a pair of atomic sites and the relevant hop-
ping parameters tij are real energy values. We have as-
sumed the first nearest and two other third nearest ap-
proximations denoted by 1NN and 3NNI,II in different
3TABLE I. TB parameter sets.
Set E2p(eV ) t1(eV ) t2(eV ) t3(eV ) s1 s2 s3
1NN 0 -2.78 0 0 0 0 0
3NNI -0.45 -2.78 -0.15 -0.095 0.117 0.004 0.002
3NNII -0.187 -2.756 -0.071 -0.38 0.093 0.079 0.070
cases to comprehend the impact of them on transport.
The relevant TB parameters for 1NN and 3NNI,II are
shown in Table I. In particular, the new TB parameters,
3NNII , obtained from density functional theory (DFT),
has shown excellent agreement with the predictions of
the DFT even in the high-energy region30–32. The ef-
fect of the potential well on the transmission is directly
considered through the on-site potential energy on the
Hamiltonian, i.e., vi in Eq. (1). The assigned poten-
tial map U for the Y-junction is shown in Fig. 1(c), in
which the value of vi in the bottom of Y-shape poten-
tial well is uin, and that in the barrier regions has a fix
value uout = 0. Similarly, on-site potential of source and
drains terminals in their Hamiltonian are noted as uS
and uD1,2 , which are used to represent an applied bias
voltage. The effect of edge roughness in the GNR is not
included in our calculation33. Because the edge rough-
ness can be far from the potential-defined Y-junction and
if a very wide GNR is considered, their effect on the
transport in YJ-GWG can be neglected. The effect of
electron-phonon interactions is not included in this work
either, due to the weak electron-phonon interactions in
graphene34. Using the Landauer-Bu¨tticker formalism22,
the conductance between the source and drains in low
temperature can be expressed as:
GSD1,2(E) = G0Tr[ΓS(E)G
r(E)ΓD1,2(E)G
a(E)], (2)
where G0 = 2e
2/h is the quanta of conductance that in-
cludes the spin degree of freedom, ΓS, D1,2 are the source
and drains broadening matrices, which couple the left
and right terminals to the central scattering region in
YJ-GWG. The retarded Green’s function Gr is defined
as Gr(E) = [(E + iη)S −H − ΣS(E)− ΣD1,2(E)]−1 and
Ga = (Gr)†, where S is the overlap matrix and is in the
form of the first part in equation (1). The open bound-
ary condition of terminals is added via ΓS,D1,2(E) =
i(ΣrS,D1,2(E) − ΣaS,D1,2(E)), where ΣaS,D1,2 = (ΣrS,D1,2)†
and ΣrS,D1,2 are self-energies of the semi-infinite termi-
nals on the source and drains. The transport simulation
of YJ-GWG is carried out by our ballistic code in which
we have used the direct recursive algorithm to calculate
conductance of a system with few hundred thousand of
atoms35,36. This Memory-friendly approach allows us
to perform partial inversion of a gigantic matrix, which
is a necessary mathematical operation to calculate the
Green’s function in real space.
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FIG. 2. Conductances of two-terminal curved S-GWGs in
various uin. Right (left) panels show the tunning of a S-GWG
with the waveguide width WD of 10 nm (20 nm).
III. RESULTS AND DISCUSSION
A. Tunning
Y-junction gate voltage is used to control the depth
of quantum well and consequently provide deep-enough
confined energy channels. By this manner, the bottom of
on-site potential, i.e., uin, can be parametrically tuned to
achieve a coherent transport in the device. Moreover, our
previous work has demonstrated that on-site potential of
terminals is an equally vital parameter to achieve the co-
herent transport in a two-terminal graphene waveguide25.
It has been concluded that the quantization of conduc-
tance occurs if the following conditions were met: (i) the
terminals have similar width of the waveguide, (ii) the
source has a fix on-site potential almost equal to that in
the bottom of waveguide (i.e., uS = uin), (iii) on-site po-
tential at the drain is kept zero, which is equal to uout.To
quantitatively determine an appropriate range of uin as
a primary study, a few two-terminal transport studies
were performed for two curved S-GWGs with waveguide
widths (WD) of 10 nm and 20 nm. The on-site poten-
tial profile of such systems is similar to that in Fig. 1(c)
but the negative potential well (blue color) is placed only
within one arm. For each sample, uin has been swept over
a range of values under the conditions of uS = uin and
uD1,2 = 0. Conductances on all upper panels of Fig. 2
(in both sizes), show that shallower wells (small nega-
tive uin) are incapable to produce smooth plateaus (note
that we have employed 1NN approximation in these cal-
culations). Once the well gets deeper, more well-defined
smooth plateaus start to form. Furthermore, narrower
waveguide (10 nm) needs deeper potential well to pro-
duce smooth plateaus. Thus, it is essential to have a
deep-enough well via applying appropriate gate voltages.
Independent comparison between the right and left pan-
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FIG. 3. Conductances of both paths in a smooth/S-shape
YJ-GWG. Dot and solid lines denote the conductances of
lower and upper paths receptively. (a)-(d) are the conduc-
tances for different values of WO as it is noted.
els of Fig. 2 shows that number of plateaus within the
same energy range is somehow, insensitive to the depth
of potential well but rather dependent on the width of the
waveguide. This fact indicates that the width of waveg-
uide determines the conductance profile if the potential is
deep enough. Since uin = −0.30 provide smooth plateaus
for the 10 nm wide waveguide, hereafter, we will use these
quantitative values in the transport study of YJ-GWG in
the next section.
B. Transport study in YJ-GWG
Start with a given drain width WD1,D2 = 10 nm, four
samples with different WO and WS are created and the
conductances of both paths in each sample are evaluated.
The dimension of the system is W × L = 80 × 120 nm2
and paths have symmetry around y = W/2. Center of
bending is located in the middle of x-direction at L/2.
Calculated results are shown in Fig. 3(a)-(d). WO has
been selected as the first control parameter to study the
effect of overlap, partially because other parameters, such
as Wbe, (which represents the amount of bending) has
shown very less influences on the conductance of a S-
GWG. Lower panels of Fig. 3, (c) and (d), with smooth
and identical plateaus for both paths, demonstrate that
it is possible to transport carriers coherently in both
paths of a YJ-GWG provided that the parameter WO is
small enough. By comparing all panels in Fig. 3, one can
find a noticeable smooth conductance which was achieved
when the width of the source arm increases (because of
Wsa=Wda1+Wda2 -WO). In addition, another type of
YJ-GWG has been constructed based on a kink-shape
bending to study the effect of sharp bending. Variation
of waveguide width occurs around the sharp bending,
indicated by arrows in the Fig. 4(a), within which the
width of waveguide differs from Wda1,da2 in comparison
with the fully-smooth S-shape bending shown by dashed
lines in the Fig. 4(a). S-shape bending ensures that the
width of both paths remains unchanged after the split-
ting point. Since the energy channels are highly sensi-
tive to the width of single-waveguide, width variations in
sharp bendings are expected to induce extra scatterings
that affect the conductance quality. Fig. 5(a)-(d) show
the calculated conductances of the kink-shape YJ-GWG
with different WO. Fig. 5 supports our argument and
indeed shows more noisy conductances, especially in the
second plateau. Note that except for the shape of the
waveguide, all other parameters used in Fig. 5 are sim-
ilar to those used in Fig. 3 (note that the third nearest
approximation, denoted by 3NNI has been employed for
both cases).
We further have investigated the geometrical effect on
transport by enlarging the whole device by a scale factor
of 1.5 but keeping the Y-shape structure unchanged. Ac-
cordingly, scattering area of W × L = 120 × 180 nm2,
arm’s width of Wda1,da2 = 15 nm, WO = 3 nm and
uS = uin = −0.25 (eV ) have been taken into the ac-
count. Conductances of two paths have been shown by
dashed and solid lines in Fig. 6(a). Comparison of con-
ductances between Fig. 3(d) and Fig. 6(a) implies that
scaling has minor effect on general characterizations of
the YJ-GWG. In Fig. 6(a), the third nearest approxima-
tion, denoted by 3NNI has been used whereas 3NNII
is employed to calculate conductances of YJ-GWG in
Fig. 6(b). One can conclude that the new TB param-
eter set has lifted the valley degeneracy and produced
multiple sub-plateaus illustrated by arrows in Fig. 6(b).
Careful observers may notice seminal plateaus on the re-
sults calculated by 3NNI as well [Fig. 6(a)]. Red-hallow
circles show the conductance of the relevant two-terminal
S-GWG (only one arm) with similar parameters and
3NNI energy set as a reference. Comparison between
red-hallow circles, dashed and solid lines in Fig. 6(a) tells
us, the conductances of YJ-GWG almost follow the con-
ductance of a relevant S-GWG. In Fig. 6(b), it also shows
3NNII approximation results in a shift of conductances
toward the positive side of energy axis.
C. Bandstructure Remarks
In order to obtain more insight on our results, we have
calculated quasi-one dimensional bandstructure for two
supercells, one at the left end of AGNR, e.g., x = 10 nm
(with single-well) and the other at the right end, e.g., x
= 90 nm (with double well). The positions of those su-
percells are specified by blue and red dots in Fig. 1(b).
The calculated bands, which contain sixteen conduction
bands and one valance band in the positive momentum
space, are shown in Fig. 7(a)-(d). Thus, it is possible
to track the movement of subbands in energy space at
different WO. A single-well possess two-fold degenerate
bands which are highlighted by blue dashed and black
narrow solid lines whereas double-well results in four-fold
degenerate bands which are denoted by a red dashed, a
red dotted line and two (multi-color) narrow solid lines
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FIG. 4. (a) Borders with which potential well of the smooth and non-smooth YJ-GWG have been defined. Dashed lines refer
to smooth or S-shape bending whereas the solid lines refer to non-smooth or kink-shape bending. (b) Equivalent potential
profile of the non-smooth Y-junction.
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together. Subbands belong to the barriers, which are lo-
cated above the highlighted bands, are shown by multi-
color narrow solid lines. All panels in Fig. 7 show that
change in WO (or WMB) does not shift the energy bands
of double-well substantially, whereas similar change of
WO shift down the bands of a single well. Note that de-
crease in WO leads to a similar increase in WMB , because
WO/2 + WMB/2 = Wbe, where Wbe is fixed. Thus ad-
justing WO is a practical method to match energy chan-
nels at the two ends of scattering area. This diagram
also explains why the smooth conductance occurs when
WO = 4 nm at Fig 3(c). We can see the two types of
energy bands, shown by a tip of arrow, cross each other
around the Dirac point at Fig. 7(c). The calculated band
structures indicate that lower energy bands with E < 0
do not participate in the quantized transport.
It is possible to explain a physical reason of our the-
oretical observation from the energy point of view. It is
widely accepted that scattering happens as a result of
mismatch between energy levels along the transport di-
rection. For example, impurity levels might destructively
couple to transport channels and smear the quantization
of conductance. Here in YJ-GWG, one can expect min-
imum scattering if energy channels merge to each other
with minimum misalignment around Y-junction. There-
fore, we have further investigated our study by extracting
spatial-resolved energy spectrum, i.e. waveguide energy
channels, of few super-cells along x and around the split-
ting point, as plotted in Fig. 8(a) and (b) for a fix mo-
mentum kx= 0.405 (nm
−1). Relative on-site potential
used for the calculation in Fig.8 (a) and (b) are plotted
in Fig. 8(c) and (d), respectively. One can see that two-
fold degenerate energy bands (second and fourth levels)
on the left side of Y-junction merge to four-fold degener-
ate bands on the right side. The amount of energy level
variations are much less for the case of Wo = 2nm as
compare to Wo = 8nm. Note that, one can expect sim-
ilar merging trends for other higher momentums, since
the E-kx relationship is linear for other larger values of
momentum. From band structure studies, Fig. 8(a) and
(b), one can see obviously that the energy spacing be-
6-0.1
0.0
0.1
0.2
0.3
0.0 0.5
0.0
-0.1
0.1
0.2
0.0 0.5
-0.1
0.0
0.1
0.2
0.3
-0.1
0.0
0.1
0.2
0.0 0.5 1.0
(c) (d)
(b)(a)
24
6
8
Wo(nm)
E(
eV
)
kx(nm
-1)
FIG. 7. (Color plot) Quasi-one dimensional bandstructure
of supercells that are extracted from the proposed YJ-GWG,
Fig. 1(b). A blue dashed and a solid line show two-fold degen-
erate bands of a AGNR’s supercell at the left side of device in
presence of single well, whereas a red dashed,a red dotted and
two solid lines together show four-fold degenerate subbands
of a AGNR supercell at the right side of YJ-GWG where two
wells are separated by WMB . 3NNI is employed.
tween first and second four-fold bands, spatially available
on the right side of device, is about 150 meV which is no-
ticeably large and consistent with the width of first flat
plateaus on the energy range at Fig. 3.
D. Discussion
After the realization of quantized conductance on
quantum point contact (QPC), Y-junction structures on
modulation-doped heterostructures have been proposed
and fabricated37–39. Different terminologies have been
used to address similar devices such as Y-branch switch
(YBS) and three-terminal ballistic junction (TBJ). A
gate defined YBS hardly works in ballistic regime or
in another world the quantization of conductance is
rarely reported as a prominent characteristic of device39.
Whereas, peaks on the derivative of conductance on
wet-etched version of YBS demonstrate the presence of
quantization40,41. This is probably because subband-
spacings in a gate defined 1D quantum wire are limited
to the order of a few meV while larger energy spacing
in a wet-etched GaAs/AlGaAs quantum wires, typically
on the order of a few tens of meV, have been reported.
Note that, the conductance of wet-etched YBS does not
exhibits flat plateaus and an exact identical I-V char-
acteristic have not been reported. On the other hand,
FIG. 8. Spatial-resolved quasi-one dimensional energy
spectrum for smooth YJ-GWG around splitting point. (a)
Wo=8 nm. (b) Wo=2 nm. (c) On-site potential for selected
supercells of (a). (d) On-site potential for selected supercells
of (b).
carbon nanotube Y-junction (CNT-YJ), T-shaped GNR
(T-GNR) and few Cross-shape GNR (C-GNR) have been
widely studied theoretically42,43. The conductance of
CNT-YJ shows oscillatory behavior in theoretical stud-
ies which merely depends on geometry of system. To the
best our knowledge quantization of conductance does not
report on chemically synthesized Y-junctions nanotube
and both T-GNR and C-GNR do not exhibit quantiza-
tion of conductance as well44–46. A prominent benefit
of the proposed structure is the flat plateaus on conduc-
tance of a smooth YJ-GWG, Fig. 3(d), which is not re-
ported in other possible carbon base splitters so far. The
optimization of the width of incoming path on a smooth-
bended YJ-GWG can be considered as a viable method
to achieve the goal of coherent splitting. YJ-GWG can
be a gateway for the realization of possible carbon-base
electron interference devices, as well as interconnect in
graphene-based spintronic devices.
IV. CONCLUSIONS
In conclusion, we have exploited the possibility of co-
herent transport through a Y-junction graphene waveg-
uide. Results show that if the incoming path of YJ-
GWG is wide enough, the conductances of both paths
are identical to the single graphene waveguide. It has
been shown that smoothly bended GWG provide much
smoother plateaus on the conductance. The primitive
YJ-GWG enlarged by a scale factor of 1.5 and the results
7of transport study show that the quantization of conduc-
tance is well preserved in a larger device. In addition,
we have shown that the influence of different TB energy
sets on the calculation of conductance. A quasi-one di-
mensional bandstructure calculation was also performed
to explain our observations.
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Appendix A: Y-junction on-site potential
We have accomplished the following steps to build a
2D on-site potential of YJ-GWG including relaxation dis-
tance where values of potential energy inside and outside
of Y-junction are uin and uout.
Step 1 ; Calculate functions, Ydu(xi) and Ydl(xi), to de-
fine upper and lower edge lines of the downward bended
S-GWG (i.e., downward lines in Fig. 9(a)),
Ydu(xi) = (Y0 +WO/2) +Wbe(f(xi)− 1) (A1)
Ydl(xi) = Ydu(xi)−Wda2 (A2)
and Yul(xi) and Yuu(xi) to define lower and upper bor-
ders of the upward bended S-GWG (i.e., upward lines in
Fig. 9(a))
Yul(xi) = (Y0 −WO/2) +Wbe(1− f(xi)) (A3)
Yuu(xi) = Yul(xi) +Wda1 (A4)
where f(xi) = 1/(1+exp((xi−x0)/σx) is the Fermi func-
tion which is employed only to produce smooth variation
along the x direction. Y0 = W/2 sets the center of YJ-
GWG on the y direction, x0 is the inflection point of
bended lines on the x direction and σx defines the sharp-
ness of bending in this direction. A bigger σx provides
a smooth and adiabatic variation along the x direction.
Throughout all studies with smooth bending, the value
of σx is L/14.
Step 2 ; Once again Fermi function is employed to es-
tablish another smooth step-like functions in y-direction
which their inflection points define by making use of pre-
viously determined border functions i.e., Yul,uu,du,dl(xi)
as follow;
Fbo(xi, yi) = 1/(1 + exp((yi − Ybo(xi))/σy) (A5)
where the index bo refers to one of ul, uu, du and dl.
We should remind that xi and yi are x and y coordi-
nations of i-th atom. σy determines relaxation distance
FIG. 9. (color online) Steps to build an on-site potential
for YJ-GWG with smooth relaxation. (a) Border lines with
which two bended S-GWG can be defined. (b) Fout. (c)
Fin. Note Fin−ne refers to Fin on the right side of xsp. (d)
Fout + Fin−ne.
(∆W ) on transverse direction. One can easily conclude
∆W = 2σyLn(9) ≈ 4.4σy if Fbo = 0.9 and Fbo = 0.1
approximate upper and lower limits of Fbo. We have
considered ∆W ≈4 nm on all of our structures.
Step 3 ; The subtraction Fout = (Fuu − Fdl) provide a
function which smoothly varies from zero on both side-
barrier areas to the one on the middle of outer lines i.e.,
Yuu and Ydl, red solid lines in Fig. 9(a). Fout is plotted
in Fig. 9(b). Utilization of Fermi function on step 2 en-
sures that the full width of half maximum (FWHM) of
waveguide is equal to the distance between border lines
because the value of Fbos are 1/2 on inflection points.
Note that Ydu and Yul, dashed lines in Fig. 9(a), cross
each other on the splitting point (Y0, xsp). At the same
time, for xi > xsp the subtraction Fin = (Fdu−Ful) pro-
vide us a function which smoothly varies from negative
one on the middle-barrier (MB) region, the areas that is
trapped between inner border lines (du and ul), to zero
on side-barrier areas, see Fig. 9(c). Fin gives a positive
value for overlapping area xi < xsp which we cancel it
by signing the positive values to zero and call the new
function Fin−ne.
Step 4 ; Fout +Fin−ne delivers a Y-splitter function with
zero value on all (three) barriers and positive one within
the Y-branch, see Fig. 9(d).
Step 5 ; Finally, proper estimation of on-site potential
of YJ-GWG is given by adding potential amplitudes as
follow
vi(xi, yi) = uout + (uin − uout)[Fout + Fin−ne]. (A6)
One can build a kink-shape on-site potential with similar
process except kink-shape border lines must be taken into
account instead of smooth lines in step 1.
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